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Introduction
Breast cancer is the second leading cause of cancer death among women, behind lung cancer [1] . The current standard of care is breast-conserving surgery, which has been shown to be equivalent to mastectomy [2, 3] . It is important that the surgical margin is clear of cancer tissue to prevent immediate reoperation and reduce the risk for local recurrence. There is much debate in the literature regarding margin size [4] [5] [6] [7] , however, over 50% of surveyed surgeons consider no tumor present within 1-2 mm of the surface to be sufficient for a clear margin [8, 9] . As 30% to 60% of patients undergo reexcision, there remains a significant need for a real-time evaluation of the tumor margin [10] [11] [12] [13] . Unfortunately, existing methods for intraoperative tumor margin evaluation are limited and considered inadequate. Frozen section provides poor results due to difficulties sectioning adipose tissue, and adds 25-35 minutes to operating room time [14] . Touch prep cytology provides rapid assessment, but is limited to evaluating cells on the immediate surface of the tissue [15] .
Over the past decade, optical coherence tomography (OCT) has been developed for applications in cancer imaging [16] . The combination of optical resolution, high-speed, and millimeter scale imaging depth makes OCT well suited for surgical margin evaluation. Several pilot studies have explored the application of OCT to breast cancer imaging, including preclinical animal studies [17, 18] , human tissue imaging [19, 20] , and intraoperative imaging [21] . Currently a handheld OCT probe is being evaluated for in vivo margin assessment which allows tissue within the surgical cavity to be imaged prior to resection [22, 23] . Other OCT techniques can also be used for breast imaging, including fullfield OCT for margin assessment [24] , and OCT needle probes for biopsy assessment [25] [26] [27] . These previous studies have shown that breast cancer appears more highly scattering than healthy tissue and disrupts the normal structure of adipose and stroma found in the breast. However, solid invasive tumors may be difficult to distinguish from islands of fibrous stromal tissue [19, 28] . This may be due to a lack of clear structures and similar refractive indices [28] .
Polarization-sensitive optical coherence tomography (PS-OCT) is a variant of OCT that measures the polarization state of backscattered light [29] [30] [31] . Anisotropic biological tissues such as collagen fibers exhibit form birefringence, causing the polarization to change as light propagates through the tissue [32] . Although these fibers are not individually resolved in PS-OCT, the collagen content can be inferred through the observed birefringence. This allows PS-OCT to probe the sub-resolution microenvironment while maintaining the imaging depth and field-of-view of OCT. Microstructural changes have been observed with PS-OCT in applications such as muscular dystrophy, collagenous plaques, and skin cancer [33] [34] [35] . The difference in collagen content between the stromal and tumor tissues could be used as an additional source of contrast for breast cancer imaging. PS-OCT has previously been used to distinguish between benign fibroadenoma and malignant invasive ductal carcinoma [36] . However, fibroadenoma is rarely excised due to the benign nature of the tumor [37] . It remains a significant challenge to distinguish between the fibrous tissue that is regularly encountered and invasive tumor.
Methods

Polarization-sensitive OCT system
The PS-OCT system presented in this paper is based upon the design by Adie, et al. previously published in [38] . This design has previously been shown to be sensitive to changes in polarization-state in both phantom and tissue imaging. The modified design presented here has several improvements over the previous design including circularly polarized sample illumination light, dual-balanced Fourier domain detection, and improved imaging speed.
The swept-source PS-OCT system developed for this study is shown in Fig. 1 . The laser source is a Fourier domain mode locking (FDML) laser with a center wavelength of 1310 nm, a 3 dB bandwidth of 122.5 nm, and a double-buffered A-line rate of 236.5 kHz [39, 40] . A small portion of the laser light is directed to a fixed path length Mach-Zehnder interferometer for calibrating the spectrum resampling parameters, and to a fiber Bragg grating used for generating the A-line trigger [41] . The polarization-sensitive interferometer was built using single-mode SMF-28 fiber and was calibrated at the beginning of each imaging session. Control over the polarization state was achieved using a combination of polarization paddles and polarization optics. Light from the FDML laser was passed through a fiber polarizer into a Mach-Zehnder interferometer. The reference arm light was balanced between two orthogonal polarization channels using the polarization paddles. To maximize interaction with tissue birefringence, the sample arm light was chosen to be circularly polarized [30] . This required that light exiting the sample arm fiber be linearly polarized at 45° with respect to the quarter-wave plate axis. This condition was achieved by temporarily removing the quarter-wave plate and inserting a linear polarizer into the sample arm at the correct orientation. Light exiting the sample arm fiber was adjusted to align with the polarizer. The polarizer was then removed and the quarter-wave plate replaced for PS-OCT imaging. The resulting interference pattern was measured using polarization diverse dual-balanced detection. The full-width half-maximum (FWHM) transverse resolution was 9 µm, and the FWHM axial resolution was 9.9 µm in air, or 7 µm in tissue.
As in the previous work by Adie et. al, the OCT intensity image I was calculated as the total intensity of the two output channels 2 2 ,1 ,2 ,
while the PS-OCT signal, here denoted as P, was calculated as the phase difference between the two channels ( )
where "*" denotes the complex conjugate. This resulted in a measurement range of [-π π] which does not represent the actual phase retardation, but the phase difference between the detection channels. This calculation represents a qualitative assessment of change in polarization state, as described below.
Following calibration, the sample arm input light was circularly polarized and described by the Jones vector 1 1 .
Light then reflected from within the sample and returned through the quarter-wave plate, exiting the free-space portion of the sample arm with polarization state given by 45 , sample sample in°=
where 45°Q
WP indicates the Jones matrix of the sample arm quarter-wave plate, and sample J indicates the round-trip Jones matrix of the sample itself. This resulted in the standard freespace PS-OCT measurement, first given by Hee, et al. [31] , which enables direct calculation of both cumulative phase-retardation and optic axis.
In our system, light returning from the sample arm was further modified by the singlemode fiber resulting in , out fiber sample
where the fiber is represented by the Jones matrix fiber J . The single-mode fiber can be modeled as an elliptical retarder [42] . The phase retardation, ellipticity, and optic axis of the single-mode fiber are generally unknown, greatly complicating direct recovery of the sample birefringence. However, for a fiber with an optic axis that does not equal zero or π/2, the phase difference between the two polarization channels becomes a non-constant function of sample birefringence. Under this assumption, the calculation presented in Eq. (5) results in a qualitative measurement of cumulative phase retardation and can be used to identify the presence of birefringence.
Although the resulting polarization-sensitive images are qualitative in nature, they are still effective at visualizing the presence of sample birefringence. This is demonstrated in Figs. 1(b) and 1(c) which show polarization-sensitive images of a molded plastic phantom and chicken breast muscle, respectively. In addition, this design allows for the use of singlemode fiber without polarization-modulation, improving the imaging speed by a factor of two over traditional single-mode fiber PS-OCT designs.
Data acquisition, processing, and display
The two PS-OCT detection channels were digitized at 250 MS/s each using a high-speed digitizer (AlazarTech ATS9350), resulting in a total acquisition rate of 1 GB/s. Data was then passed from page-locked CPU memory to the GPU (NVidia GTX 285) where it was processed and displayed in real time. Parallel processing was performed using the NVidia CUDA toolkit. Interoperability between CUDA and OpenGL allowed for real-time display of either the OCT or PS-OCT calculation directly from the GPU without needing to first return data to the CPU. This achieved a processing and display rate of approximately 185,000 lines per second, which is an order of magnitude improvement over previously published PS-OCT results using CPU processing [43] .
Due to the single-mode fiber design, PS-OCT measurements from different experiments may be circularly shifted along the measurement range with respect to one another, and therefore cover different regions of the color map. This made visual comparison of image sets somewhat difficult. To facilitate ease of comparison across imaging sets, the PS-OCT data was circularly shifted in post-processing, resulting in a measurement of -π/2 at the tissue surface for each data set. This caused the PS-OCT measurements to begin at the same location in the color map for each image, making comparison between image sets more intuitive.
For visualization in the en face plane, the average PS-OCT signal P was calculated along each A-line using the circular mean defined by 1 
1
,
where n P is the PS-OCT measurement at depth pixel n, and N is the total number of depth pixels. This calculation assumes a constant optic axis throughout depth. The mean PS-OCT signal was then overlaid on the OCT average intensity projection. The OCT structural data was represented by the intensity, while the color indicated the mean PS-OCT signal. This allowed for simultaneous visualization of both reflectance and birefringence information in the en face dimension.
Tissue imaging
Excess human tissue not needed for clinical diagnosis was acquired from Carle Foundation Hospital in Urbana, Illinois under IRB protocols approved by both Carle Foundation Hospital and the University of Illinois at Urbana-Champaign. Breast tissue was received from 8 female mastectomy patients. All samples were transported on ice in saline, and were imaged ex vivo within 12 hours of initial surgical resection. Areas imaged with PS-OCT were marked with ink for histology correlation. Following formalin fixation, the tissue was processed for histological evaluation. Both H&E and picrosirius red staining were performed to determine disease type and collagen content, respectively.
Results
Fibro-adipose tissue
The breast is composed of a system of lobules and ducts suspended in adipose tissue. These lobular units are partitioned by a network of fibrous septa which is present throughout the breast [44] . The structural OCT image of normal fibro-adipose tissue is shown in Fig. 2(a) , and the corresponding H&E histology is shown in Fig. 2(b) . The adipocytes are recognizable in the OCT image due to their round shape and low scattering lipid interior, while the fibrous septa appear moderately scattering and are identified by a vein-like structure. However, in some cases it may be difficult to distinguish between these fibrous structures and a spiculated tumor invasion. The PS-OCT image in Fig. 2(c) illustrates change in polarization state due to propagation of light through the fibrous stroma. This suggests significant collagen content, confirmed by the picrosirius red collagen stain in Fig. 2(d) . The mean projection in Fig. 2(e) illustrates the OCT and PS-OCT information in the en face plane, where any change in color from the normalized value of -π/2 indicates significant birefringence. The birefringent network of fibrous stroma can be seen branching throughout the surrounding adipose tissue.
Stromal tissue can also take the form of relatively large patches or islands as shown in Fig. 3 . It is this structure that is particularly difficult to distinguish from solid tumor. The OCT image is homogenously scattering without the branching pattern seen previously. However, the changes in polarization state seen in the PS-OCT image indicate a highly birefringent microstructure. This is confirmed by the dense collagen content seen in the histology. The en face projection shows birefringence throughout the tissue. Together, the normal tissues presented in Figs. 2 and 3 are representative of scenarios commonly encountered in intraoperative breast imaging.
Invasive ductal carcinoma
Invasive ductal carcinoma (IDC) occurs when cancer previously confined to the ductal system spreads into the surrounding tissue microenvironment. IDC may metastasize to the lymph nodes and throughout the body, and therefore complete surgical resection is imperative. IDC appears homogeneous and moderately scattering under OCT, as shown in Fig. 4(a) . This is similar to the island of fibrous stroma shown previously in Fig. 3(a) . However, the cellular composition is much different. Tumor cells have displaced the normal breast tissue, resulting in severe fragmentation of the collagen structures. This leads to low birefringence and a uniform polarization state in the PS-OCT image Fig. 4 (c) (red arrow). An area of birefringence remains at the far right (green arrow) due to a circular bundle of collagen, indicating that not all of the fibrous tissue has been displaced or replaced. Figure 4 (e) highlights the spread of the invasive cancer into the surrounding collagen matrix. This demonstrates the potential of PS-OCT to interrogate the tumor microenvironment, which is known to be an important factor in tumor growth [45, 46] .
A more advanced invasion of ductal carcinoma is shown in Fig. 5 . Once again, the IDC tissue structure is homogeneous and moderately scattering under traditional OCT. Yet the distinct contrast in birefringence seen in the PS-OCT image leads to improved differentiation of tissue type. In this case, there are very few collagen fibers remaining. Because of this, the polarization state remains unchanged throughout the vast majority of the data set.
Ductal carcinoma in situ
In ductal carcinoma in situ (DCIS) the cancer is still confined within the duct. Figure 6 demonstrates a case of cribriform type DCIS with grossly misshapen ducts clearly seen in the OCT structural image. While there may be a small change in collagen alignment at the disease boundary, the tumor remains inside the ductal system and therefore does not destroy the surrounding collagen structure [47] . Because of this, the surrounding collagen matrix remains quite birefringent. This can be seen in the PS-OCT image which shows birefringence throughout the surrounding tissue. 
Conclusion
The microstructural information provided by PS-OCT is shown to provide a significant enhancement in contrast between normal breast tissue and invasive cancer. This is due to differences in collagen content between the two tissue types, with fibrous stroma being significantly more birefringent than invasive tumor. Additionally, the use of a high-speed imaging system and GPU processing allows for real-time PS-OCT imaging suitable for intraoperative applications. These results suggest that PS-OCT should be further developed for integration with current OCT efforts in breast cancer imaging, including both tumor margin and biopsy assessment.
